Termites, Reticulitermes speratus Kolbe, reared individually were highly susceptible to the entomopathogenic fungus Metarhizium anisopliae. In contrast, termites reared in groups were highly resistant to M. anisopliae. When reared in groups, the termites treated with M. anisopliae conidia on the body surface were groomed by their nestmates and more than 90% of the conidia were removed from the cuticle within 3 h. However, the conidia affiliated with the termites reared individually did not show a marked reduction. Within 3 h, almost all of the termites held in groups contained the conidia in their foreguts, but no conidia were detected in the foreguts of the termites reared individually. These data suggest that one of the functions of grooming by nestmates is the removal of foreign bodies, such as fungal conidia, from the cuticle and the mutual grooming behavior is very effective in protecting them from M. anisopliae infection.
INTRODUCTION
Reticulitermes speratus Kolbe is one of the most serious termites in Japan. Not only are houses and buildings attacked by this termite, but also telephone poles and boats (Culliney and Grace, 2000) . The application of chemical pesticides has traditionally been the primary method for termite control. However, the extensive use of chemicals causes environmental hazards and termites may also develop resistance to these chemicals (Zoberi, 1995) . Therefore, interest has been focused on the development of new biological control strategies to manage termite populations (Culliney and Grace, 2000) .
The termite lifestyle has attributes which are suitable properties for fungal infection. The first is the termite existence in high densities, which favors contact-mediated disease transmission. Secondly, most soils contain resident populations of entomopathogenic fungi, including M. anisopliae (Yaginuma, 1990) . Finally, the micro-environment of the termite nest is characterized by high humidity and moderate temperatures, both suitable for fungal infection. However, reports of fungal epizootics in termite populations are few and are usually observed in aging colonies in the laboratory (Boucias et al., 1996) .
The main route of infection by entomopathogenic fungi is penetration through the external integument of the insect hosts. Prior to penetration, it is necessary for the fungal conidia to attach and persist on the cuticle surface. However, there is very little information about these processes in entomopathogenic fungi.
We showed that termites reared individually were highly susceptible to M. anisoplae, whereas those reared in groups were highly resistant (Shimizu and Yamaji, 2002) . These results suggest that termites living in a group are capable of suppressing the infection by M. anisoplae.
The initial objective of this study was to examine how termites in a group altered their susceptibility to M. anisopliae mycosis. Additionally, we confirmed the effect of grooming by nestmates for the removal of M. anisopliae conidia from the larval cuticle.
MATERIALS AND METHODS
Insect. The termites, R. speratus Kolbe, were collected in Wakayama, Japan and maintained on corrugated cardboard in plastic boxes in a dark chamber at 25°C and 85% R.H. Only the worker termites were used in the tests since they are the dominant caste in the colony.
Metarhizium anisopliae isolate. Metarhizium anisopliae var. anisopliae 173, isolated from soil in Kyoto, Japan was used in this study. This isolate was also used in the previous experiment (Shimizu and Yamaji, 2002) . The fungus was maintained on potato dextrose agar (potato extract, 0.4%; glucose, 2.0%; agar, 1.5%).
Bioassay. The conidial suspensions were prepared in a 0.05% aqueous solution of Tween 20. The conidial suspensions were diluted 10, 10 2 , 10 3 and 10 4 times. On each Petri dish with potato dextrose agar, 0.1 ml of the diluted suspension was dropped and spread using a sterized glass bar. The Petri dishes were incubated at 25°C for 7 days. The colony forming units (CFUs/ml) were determined using the numbers of colonies on potato dextrose agar plates. The termites were placed in microcentrifuge tubes containing conidial suspensions (4.2ϫ10 3 -5.1ϫ10
6 CFUs/ml). The termites were submerged in conidial suspensions for 30 s and then allowed to dry on a Whatman No. 1 filter paper. After 2 min, the termites were washed twice in 0.05% aqueous solutions of Tween 20 to remove nonattached conidia. The treated termites were partitioned into three density treatments. In the first, the termites were placed individually into wells of a 24-well microtiter plate containing a paper disc (A). In the second, the termites were placed in 90ϫ15 mm Petri dishes (10 termites/dish) containing a paper disc (B). In the third treatment, 10 termites were reared in groups for 24 h and then individually reared in wells of a 24-well microtiter plate (B®A). Ten termites were used for each treatment and all the treatments were incubated at 25°C. Seven days after inoculation, the mortality was calculated.
Attachment and removal of M. anisopliae conidia on the termite cuticles. M. anisopliae conidia used in these assays were surface-labeled with fluorescein isothiocyanate (FITC, Sigma Chemical) according to the protocols outlined by Hung and Boucias (1992) . The FITC-labeled conidia in 0.05% aqueous solutions of Tween 20 were counted with a Thoma hemocytometer and adjusted to a concentration of 10 7 conidia/ml. Termites were placed in microcentrifuge tubes containing the FITC-labeled conidia of M. anisopliae. The termites were submerged in FITC-labeled conidium suspensions for 30 s, allowed to dry on a Whatman No. 1 filter paper and washed twice in 0.05% aqueous solutions of Tween 20 to remove the nonattached conidia. The termites, after being treated with FITC-labeled conidia, were partitioned into two density treatments. Termites were placed individually into wells of a 24-well microtiter plate containing a paper disc as the first treatment. In the second, the termites were placed in 90ϫ15 mm Petri dishes (10 termites/dish) containing a paper disc. Both the group and individual termite treatments were incubated at 25°C. At intervals of 0, 3, and 24 h, ten termites were sampled from each treatment and stored at Ϫ20°C. The termites were carefully mounted in a drop of Vectashield (Vector Labs.) to stabilize the fluorescence and were examined with a LSM510 laser-scanning confocal microscope (Carl Zeiss, Germany). A total of 5 defined sites of each termite surface was examined for attachment of conidia.
Detection of conidia removed from the foregut region. Termites treated with the FITC-labeled conidia of M. anisopliae at a concentration of 10 7 conidia/ml were reared in groups (10 termites/dish) or individually. After 1, 2, 3, and 6 h, the treated termites were dissected and the digestive tracts were removed. The FITC-labeled conidia in the foregut regions were examined as described above.
RESULTS

Effect of termite density on the susceptibility to M. anisopliae
The dose response data of the bioassays involving termites reared as individuals or as groups are presented in Fig. 1 . When reared individually in Trials 1 and 2, the termites were highly susceptible to a low concentration of M. anisopliae 173 conidia (Fig. 1, A) . For example, 90% of the termites died at lower concentrations (4.2ϫ10 4 and 5.1ϫ 10 4 CFUs/ml). At higher concentrations (4.2ϫ10 6 and 5.1ϫ10 6 CFUs/ml), 100% mortality response was observed in both trials.
When the treated termites were reared in groups, they were highly resistant to M. anisopliae 173 (Fig. 1, B) . At higher concentrations (4.2ϫ10 6 and 5.1ϫ10
6 CFUs/ml), only 40% and 30% of the termites died in both trials, respectively. None of the termites died at the lower concentrations (less than 5.1ϫ10
4 CFUs/ml) in each trial. Susceptibilities of the termites, individually reared after holding in a group for 24 h were similar to those of the termites reared in groups (Fig. 1,  B®A) . These results show that the susceptibility of the termites to M. anisopliae 173 conidia is directly influenced by the termite density and the termite density within 24 h after exposure to conidia is critical for defense employed by the termites against invasive M. anisopliae.
Attachment and removal of M. anisopliae conidia on the termite cuticle
The binding of the FITC-labeled conidia to defined sites on the surface of termites was quantified using a laser-scanning confocal microscope (Fig.   2 ). The conidia were found to bind to both the sclerotized and intersegmental regions of the head, thorax, and abdominal cuticle (Fig. 2, zero interval) . The mean numbers of conidia at these sites varied from a low of 33 (head) to a high of 297 (4th abdominal segment)/mm 2 . These results showed significant differences in the attachment of conidia to the different sites on the termite cuticle (Fig. 2,  zero interval) .
A marked reduction was observed in the numbers of the FITC-labeled conidia associated with the cuticle of the termites held in groups (Figs. 2,  3) . Within 3 h post-treatment, more than 90% of the conidia were removed from the termites topically treated with the FITC-labeled conidia. By 24 h, only 0.3/mm 2 were observed on the 4th abdominal cuticle of the native termites (Figs. 2, 3) . : Termites just after inoculation.
: Termites 3 h after inoculation.
: Termites 24 h after inoculation. Bars on top of the columns represent standard errors.
The conidia affiliated with the termites held individually did not show this marked reduction (Figs. 2, 3) . At 3 h post-treatment, the termites reared individually contained 238 conidia on the 2nd abdominal segment/mm 2 , which was similar to the levels at the zero interval (Fig. 2) . By 24 h posttreatment, the number of conidia on the thorax and abdominal cuticle of the termites reared individually were not significantly different from the densities detected at time zero.
Detection of the conidia in the foregut region
When the termites treated with the FITC-labeled conidia of M. anisopliae were reared in groups, the cuticle retained very few conidia. By 3 h, most all of the conidia were removed from termite cuticle. None of the FITC-labeled conidia were detected in the Petri dishes or paper discs. Within 3 h, almost all of the termites reared in groups contained the FITC-labeled conidia in their foreguts (Fig. 4) . However, no FITC labeled conidia were detected in the foreguts of termites reared individually.
DISCUSSION
All social insects engage in frequent cleaning of their bodies and many social insects including R. speratus groom nestmates with their glossae (tongues) (Wilson, 1971) . Wilson states that the significance of the mutual grooming behavior is not well understood, although he suggests that it functions in the transfer of pheromones. Since the conidia of entomopathogenic fungi attach to and penetrate the cuticle of termites, the grooming behavior is believed to play a key role in fungal infection. However, little work has been done on the relationship between infection by entomopathogenic fungi and grooming behavior. Kramm and West (1982) stated that the grooming behavior of Reticulitermes sp. should provide an efficient means for spreading entomopathogenic fungi throughout the colony. In contrast, Boucias et al. (1996) demonstrated that mutual grooming behavior in R. flavipes played a major role in conferring resistance to mycopathogen infection. The present study was done to evaluate the effects of grooming behavior of R. speratus on the infection with M. anisopliae. Boucias et al. (1996) stated that the subterranean termite species, Reticulitermes flavipes, did not employ any detectable fungicidal substances or other endogenous defence mechanisms to combat the entomopathogenic fungus, Beauveria bassiana. They demonstrated that the mutual grooming behavior of R. flavipes plays a major role in the removal of B. bassiana conidia from the cuticle of the termite. In R. speratus, we observed a marked reduction in the number of the FITC-labeled conidia associated with the cuticle of termites held in groups, whereas the conidia affiliated with termites reared individually did not show this marked reduction. Moreover, within 3 h, almost all of the termites held in groups contained the FITC-labeled conidia in their foreguts, indicating that the topically applied conidia on the cuticle were ingested by other termites. These data suggest that mutual grooming in R. speratus works for the removal of foreign bodies, such as fungal conidia, from the integument. The dose response data of various conidia concentrations against the termites reared as individuals versus in groups also supports the idea that mutual grooming behavior is effective in protecting termites from M. anisopliae infection.
Termites held in groups demonstrated a horizontal transfer of the FITC-labeled conidia from the cuticle to the foreguts of nestmates. In certain insects, including R. flavipes, mycopathogens have been reported to invade through the alimentary tract (Kramm and West, 1982) . However, physical and chemical factors prevent an alimentary tract infection in most instances. Allee et al. (1990) reported that the rapid rate of food passage by Leptinotarsa decemlineata conferred protection against gut invasion by ingested B. bassiana conidia. In addition to the rapid passage of conidia, certain insects have been observed to contain gut microbiota which possess fungitoxoic or fungistatic properties (Dillon and Chanley, 1988) . The invasion of the alimentary tract was observed only in axenic locusts held under starvation conditions (Dillon and Chanley, 1986) . Furthermore, Boucias et al. (1996) demonstrated that the extract from the alimentary tracts of naive termites possess a strong mycostatic activity against B. bassiana. The gut microbiota in termites is believed to inhibit conidial germination, thus precluding fungal invasion by the alimentary tract. Therefore, it is unlikely that M. anisopliae conidia invade the alimentary tract of the termite, R. speratus, but the fate of the ingested-conidia remains to be clarified by further research.
Our results strongly indicate that mutual grooming behavior is very effective in the removal of conidia from the cuticle of nestmates. Experiments to interfere with the mutual grooming behavior related resistance using sublethal dosages of chemicals are in progress.
